Model phospholipid membranes and vesicles have long provided insight into the nature of confined materials and membranes while also providing a platform for drug delivery. The rich thermodynamic behavior and interesting domain shapes in these membranes have previously been mapped in extensive studies that vary temperature and composition; however, the thermodynamic impact of tension on bilayers has been restricted to recent reports of subtly reduced fluidfluid transition temperatures. In two-component phosphatidylcholine unilamellar vesicles [1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)], we report a dramatic influence of tension on the fluid-solid transition and resulting phases: At fixed composition, systematic variations in tension produce differently shaped solid domains (striped or irregular hexagons), shift fluid-solid transition temperatures, and produce a triple-point-like intersection of coexistence curves at elevated tensions, about 3 mN/m for 30% DOPC/70% DPPC. Tension therefore represents a potential switch of microstructure in responsive engineered materials; it is an important morphology-determining variable in confined systems, and, in biological membranes, it may provide a means to regulate dynamic structure.
Model phospholipid membranes and vesicles have long provided insight into the nature of confined materials and membranes while also providing a platform for drug delivery. The rich thermodynamic behavior and interesting domain shapes in these membranes have previously been mapped in extensive studies that vary temperature and composition; however, the thermodynamic impact of tension on bilayers has been restricted to recent reports of subtly reduced fluidfluid transition temperatures. In two-component phosphatidylcholine unilamellar vesicles [1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)], we report a dramatic influence of tension on the fluid-solid transition and resulting phases: At fixed composition, systematic variations in tension produce differently shaped solid domains (striped or irregular hexagons), shift fluid-solid transition temperatures, and produce a triple-point-like intersection of coexistence curves at elevated tensions, about 3 mN/m for 30% DOPC/70% DPPC. Tension therefore represents a potential switch of microstructure in responsive engineered materials; it is an important morphology-determining variable in confined systems, and, in biological membranes, it may provide a means to regulate dynamic structure.
ripple tilt bilayer | phase diagram | domain morphology | biomimetic membrane | phase separation P hospholipid vesicles, capsular lamellar assemblies of phospholipid amphiphiles, are model systems that have advanced our perceptions of material surfaces and thin films, facilitated drug delivery technologies, and anchored the understanding of biological membranes to fundamental physics. Extensive studies of phase transitions in phospholipid bilayers and vesicles have focused almost exclusively on temperature and composition, revealing complex phase behavior (1) (2) (3) (4) (5) (6) and beautiful patterns in the domain shapes within vesicle membranes (4, 6, 7) . Tension has been mostly neglected as a thermodynamic variable and is unspecified in phase diagrams of vesicle membranes, although in analogous studies of phospholipid monolayers, surface pressure is known to drive transitions between gas-like layers, liquid fluids, and ordered crystals, which are sometimes polymorphic (8) (9) (10) . Besides its fundamental thermodynamic importance, membrane tension may be biologically important, because stresses on cells can dominate their interactions (11) (12) (13) (14) and fates (15) . Indeed, tension has been proposed to regulate the dynamic structure of the cellular surface, for instance through coupling with curvature (16) or by clustering proteins in "rafts" (17, 18) .
Used as a mechanical variable, tension can stretch or bend uniform bilayers (19, 20) . In multicomponent vesicles containing coexisting fluid domains, coupling of line tension with membrane bending determines vesicle shapes and drives budding transitions (21) (22) (23) (24) . Tension has also been hypothesized, but not confirmed, to influence the shapes of solid domains (25) . Relevant to the current focus on the thermodynamic role of tension, tension was shown reduce the liquid-liquid coexistence temperature only slightly (a fraction of a Celsius degree for each 0.1 mN/m in tension) in cholesterol-containing phospholipid vesicles (26, 27 ).
In the current work, we systematically examine the broader thermodynamic impact of membrane tension on the phase behavior of two-component phosphatidylcholine (PC) lipid vesicles: PC amphiphiles are an important class of molecules because of their prominence in cell membranes. Important to note, their relatively large hydrated head groups enable PC lipids, in singlecomponent membranes, to order into solid bilayers of differing molecular areas [by about 10% (19) ], such as ripple (P β′ ) and tilt ("gel" or L β′ ) phases (19, (28) (29) (30) (31) .
To quantitatively probe the impact of membrane tension on the fluid-solid transition(s) of two-component PC bilayers, giant unilamellar vesicles containing 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were chosen as model membranes. This work focuses on the impact of tension and temperature at the single-membrane composition of 30 mol% DOPC/70 mol% DPPC, taking a constant-composition slice through thermodynamic space, which qualitatively reflects behaviors at other compositions. Wellhydrated DOPC lamellae melt at Tm = −17 ± 1°C (32), whereas hydrated DPPC bilayers have a higher main transition Tm = 41.5 ± 0.5°C and a so-called "pretransition" at Tp = 35.5 ± 0.5°C (28, 33) . The ripple solid is found below the main transition temperature, whereas a tilt gel phase is observed below the pretransition temperature; however, many studies of DPPCcontaining mixtures cannot distinguish these two solids (6, 34) . Cooling mixed vesicles from the miscible fluid regime at elevated temperatures produces solid-like membrane domains comprised predominantly of DPPC (3, 34, 35) . Indeed, cooling from the one
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phase region is the typical protocol for reliably creating solid domains and measuring transition temperatures.
We report here that in two-component phosphatidylcholine membranes, even though the main fluid-solid transition temperature is only mildly reduced with increased tension, consistent with first principles, tension alters the equilibrium and the nature of the solid domains within the fluid membrane. The latter include the molecular ordering and shapes of the domains. Additionally, by shifting a second coexistence line in the opposite direction from the main transition curve, tension produces a triple-point-like feature at their intersection. Tension can thus be manipulated to select which solid phase forms on cooling, in turn directing domain morphology.
Results
Tension Selects Between Different Solid Phases. Fig. 1 illustrates the dramatic impact of tension, imposed by micropipettes and held constant over the course of an experiment, on the phase behavior of 30/70 mol% DOPC/DPPC vesicle membranes. These vesicles also contain 0.1 mol% 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rh-DPPE) fluorescent tracer. In Fig. 1 , unilamellar vesicles were aspirated into micropipettes at 43°C (the miscible liquid region) and then cooled at 1-2°C/min at fixed tension into the twophase region. When tension was held well below ∼3 mN/m, solidlike DPPC-rich (3, 34, 35) domains that exclude tracer coexist with a fluorescent fluid membrane. In contrast, with fixed membrane tensions of 3 mN/m or greater, no dark solid domains appear on cooling. Instead, phase separation produces finely striped domains that appear brighter than the fluorescent fluid. The solid domains formed at low tensions differ in their shapes and ability to incorporate tracer dye compared with those formed at elevated tension. This suggests different molecular arrangements in two solids.
In addition to precise tension control with micropipettes, tension was manipulated osmotically in a second type of experiment. The separate use of a closed chamber precluded micropipettes, but it additionally facilitated better imaging with a higher numerical aperture objective, more precise temperature control, longer experiments with a broader range of cooling rates, and immediate access to multiple vesicles. Osmotically conditioned vesicles, cooled from the one-phase fluid region in a sealed chamber, confirm in Fig. 2 at room temperature, the same qualitative influence of tension on solid domain formation seen in Fig. 1 . The Rh-DPPE tracer reveals dark patches or imperfect hexagons on vesicles maintained near-zero tension. Vesicles subjected to elevated tensions during cooling [in deionized (DI) water at 1°C/min] exhibit bright striped solid domains at room temperature, in parallel with the pipette studies above 3 mN/m in Fig. 1 . In additional cooling experiments using a different tracer, 0.1 mol% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rh-DOPE) vesicles exhibit, in Fig. 2 at near-zero tensions, the same type of dark patches observed with Rh-DPPE. At elevated tensions, however, Rh-DOPE is excluded from the dark striped domains. The selective incorporation of Rh-DPPE but not Rh-DOPE into the stripes and the exclusion of both dyes from the hexagonal patches, further argues for different molecular ordering in the patches and stripes.
Domain Evolution During Cooling. Monitoring domain formation facilitates an estimate of the transition temperature and provides additional insights. The image sequence in Fig. 3A , for a freely suspended vesicle rapidly cooled at 5°C/min from the singlephase region suggests that solid-like domains form via nucleation and growth. Patches clearly visible at 38.4°C, just below the transition temperature, grow in size but not in number with decreases in temperature. With relatively fast cooling rates in the range of 1-5°C/min, here in the closed chamber but also in the micropipette studies in Fig. 1 , stripes do not appear at low temperatures (and tensions.) The rapidly grown patches, growing to diameters of several microns, are kinetically trapped, although, as we show next, the striped solid phase is preferred at cool temperatures.
When a similar suspension of vesicles, having substantial excess areas (relative to a sphere of equal volume) and a near-zero membrane tension, is cooled very slowly at 0.1°C/min, patchy domains first appear in Fig. 3B near the same transition temperature, Tm, seen for faster cooling in Fig. 3A . As cooling proceeds very slowly, stripes appear near a temperature of 31.7°C (in this particular run). The stripes always emanate from or intersect the previously formed patches and, with continued very slow cooling, gradually replace the patches. The appearance of the first stripe and the disappearance of the last patch happen in a sufficiently short time, a minute or two, that we hesitate to assert a finite transition window. Such an additional multiphase region may exist, but if it does, it is less than half a degree tall. At temperatures below the pretransition, the vesicles display only stripes. Indeed, the observation, for a vesicle composition of 30 mol% DOPC/70 mol% DPPC, of a main transition at ∼38-39°C and a second at 31-32°C is consistent with the main and pretransitions for pure DPPC at a few degrees higher (36) . This further suggests a ripple phase in the patches and a tilt (gel) phase in the stripes. Notably, we have not observed patches turning into stripes in the micropipettes, because micropipette studies cannot be run sufficiently slowly in the open-sided chamber.
Phase Diagram. Experimentally determined transition temperatures (measured in runs like those in Figs. 1 and 3 ), are summarized in the temperature-tension (T-τ) space of Fig. 4 and reflect the accuracy, within a SD of 0.5°C for 10 vesicles at each datum, of determining the initial appearance of micrometer-scale domains. Near-zero membrane tension, the temperatures recorded for the first appearance of patches, near Tm = 38.3 ± 0.5°C, were consistent between micropipette (hollow points) and free vesicle experiments (solid points for the sealed chamber), with little effect of the cooling rate on the transition temperature. The zero-tension datum (triangle) for the appearance of stripes following the appearance of patches (like Fig. 3B ) near Tp = 31.6 ± 0.5°C, comes exclusively from free vesicle experiments with osmotic conditioning using sucrose solutions in the closed chamber to produce zero tension.
At elevated tensions, micropipettes maintained tension constant within a resolution of 0.02 mN/m during vesicle cooling. For each of at least 10 vesicles per datum (hollow squares), the temperature corresponding to the first appearance of patches from the uniform fluid was noted. Fig. 4 contains additional individual data (hollow circles) for the appearance of stripes directly from the one-phase fluid at tensions exceeding 3 mN/m, similar to Fig. 1C . The weak tension dependence of the liquidsolid transition temperatures in Fig. 4 parallels the weak decrease of the liquid-liquid transition temperature with tension reported by Portet et al. (26) for their cholesterol-containing system. Fig. 4 also includes a single datum (solid triangle), averaging 10 vesicles, for the appearance of stripes after patch formation, during slow cooling at 1°C/min at elevated tension in DI water in the closed chamber. Here, the observed transition temperatures fall within a narrow range (34-36°C), but the elevated tension at the instant of phase separation carries a large uncertainty, because the tension of free vesicles varies during cooling in DI water, as detailed in SI Text. Despite the large uncertainty on the tension of this particular datum, this point reveals a substantial tension sensitivity of the temperature for the conversion of patches to stripes.
To demonstrate how the observed tension-mediated switching between phase-separating patches or stripes is consistent with first principles, the lines in Fig. 4 ;ðα−βÞ
Here, P and T are pressure and temperature, x is mole fraction, and H and V are partial molar enthalpies and volumes. Subscripts identify components, whereas superscripts identify the phase. For a membrane, a 2D analog of this equation replaces pressure P is by negative membrane tension τ and partial molar volume V by the partial molar area, A. For example, for the influence of tension on the temperature for the first appearance of patchy solid hexagons, superscript β is assigned to the liquid phase and α to the ripple-solid. Upon cooling a single-phase liquid mixture to the temperature of initial phase separation, the liquid composition is fixed, which gives the subscript, x liq DPPC (70% in our studies) on the left side:
With solid domains of nearly pure DPPC (3, 28, 34, 35) , we approximate x solid DPPC = 1 and x solid DOPC = 0. Then, using the latent heat of pure DPPC (between a liquid and ripple phase) (38) and an estimate of the specific area difference between the pure ripple solid and the pure DPPC fluid (19, 36, 39) , the tension sensitivity of the transition temperature, dT/dτ = −0.56 K m /mN, follows. Related property data for the transition from a ripple to a tilted solid in these references anticipates a slope, dT/dτ = 1.8 K m /mN, for the lower temperature coexistence curve. Lines having these two slopes were drawn in Fig. 4 , starting with the experimentally measured zero-tension transition temperatures. Another line with the slope dT/dτ = −0.29 K m /mN, for the fluid tilt-solid transition is calculated in a similar fashion and added starting from the intersection of the first two coexistence lines. Calculations in SI Text argue that the exact values of these slopes will not be dramatically influenced by the presence, on the order of 5-10%, of DOPC in the solid phase.
Worth noting, the calculation for the first appearance of patches or striped domains from a completely fluid vesicle is straightforward. The application of this approach to the patch to stripe (ripple to tilt solid) transition (the lower branch of the phase diagram) makes the simplification that this coexistence is dominated by equilibrium between the two types of solids, neglecting the influence of potential changes in fluid composition through the transition. This implicit simplification appears to match the data very well, thus highlighting the dominant physics at play. A possible temperature window, too small to be resolved in our experiments, between the first appearance of stripes and the disappearance of the last patch is neglected by this simple treatment. Fig. 4 reveals that the patchy domain (or solid ripple) phase persists in only limited conditions, terminating in a triple-pointlike feature estimated near a tension of 3 mN/m, the exact value being a result of the linear approximation for the coexistence lines. We use the term "triple point" with some caution, as it represents the intersection of coexistence lines and termination of the ripple-solid region. The feature behaves as a triple point in pseudo-one-component treatments that consider two pure solid DPPC phases. The real multicomponent system has fluid-solid coexistence in each "solid" region of the phase diagram (as indicated by the phases seen on the vesicles) and therefore includes coexistence of two solid domains and a fluid along the lower phase boundary (blue).
Most important, the existence of the triple-point-like feature is ensured by the opposing slopes of the liquid-ripple solid and ripple-tilt (gel) solid transition curves. This opposition in slopes is unlikely to be eliminated by more refined theory, as long as the areal density of the ripple solid exceeds that of both the fluid and tilt-solid phases over the full range of tensions (20) . Also important, the triple-point-like feature is reported here for the specific composition of 30/70 DOPC/DPPC. The locus of such triple points for varied DOPC/DPPC content will form a curve in 3D thermodynamic space.
Discussion and Conclusions
In this report, we demonstrated how, upon cooling giant unilamellar vesicles from the one-phase to the two-phase region, membrane tension plays a critical role in determining which of two types of solid-like domains form. The differences in the resulting domains include their formation temperatures, shapes, and ability to incorporate tracers, all suggesting fundamentally different molecular ordering. Thus, the two types of solid domains represent thermodynamically different phases and will occupy different regions of the equilibrium phase diagram.
This study demonstrated that, although tension (above or below the triple point near 3 mN/m for this overall membrane composition) determines which solid initially forms from the single fluid phase on cooling, other considerations determine the ultimate vesicle morphology. Although this can seem complicated, our series of observations are consistent with the phase diagram mapped in Fig. 4 . For instance, although we have never observed patches at tensions above about 3 mN/m, the stripes (dominant at high tensions) can also be observed at low tensions. For cooling at tensions below 3 mN/m, however, striped domains are found only after the observation of patches. Stripe formation at low tensions is also influenced by the cooling rate. If, at low tensions, cooling is rapid, the patch-shaped domains become large (and kinetically trapped), then stripes are not seen on experimentally accessible timescales. If cooling is very slow at low tensions, in Fig. 3B , stripes form while the patches are consumed. We believe the slower cooling history reveals the equilibrium preference for stripes at low tensions and temperatures below a second lower-phase transition temperature. The kinetic barriers between the patches and stripes are sufficiently large at room temperature that we find no evidence, based on domain shape, that micropipette manipulation of patchy membranes can shift the domains to tilt-containing stripes.
Additional observations support the fundamental nature of the transition from patches to stripes, particularly at low tensions. If, for instance, vesicles are cooled at low tension from the one phase region and held at fixed temperature above the lower branch of Fig. 4 , stripes do not develop in time. Stripes may ultimately, however, be observed at lower temperatures if cooling is resumed sufficiently slowly. The observation that, at low tensions, stripes, if they form at all, only form below a distinct tension-dependent (phase transition) temperature, suggests that stripes form when a boundary is crossed in thermodynamic space.
It is significant that we observe two distinct transition temperatures in the 30/70 DOPC/DPPC mixture near zero tensions, because this behavior runs parallel with literature reports of main and pretransitions for pure DPPC (28, 33) . For pure DPPC in a hydrated bulk sample where the lamella are, presumably at low tension, the ripple phase is known to occur below the main transition but above the pretransition temperature (28) . A planar tilt solid occurs below the pretransition temperature. Our mapping of experimental data in the phase diagram of Fig. 4 does not require us to interpret our stripe versus patchy hexagon data in terms of these molecular structures; however, when calculating estimated phase boundaries, we require physical properties for the solids within the patches and stripes. It is only at this point, in the calculations, where we assign the ripple structure to the patches and the tilt to the solid phase. The qualitative agreement between the calculated boundaries and those observed data supports this interpretation, assigning ripple and tilt molecular structures to the patch and striped domains, respectively. Although it may seem obvious that the tilt phase, with its slightly lower areal density of phospholipid molecules compared with the ripple phase, would be preferred at high tensions, it is also interesting that the tilt phase is associated with stripe-shaped domains and that these stripes tend to run long and straight over vesicle surface. The stripes prefer to intersect each other rather than bend, for instance into ring-like structures. Long thin stripes that wrap the vesicles are observed to bend mostly in their long direction, a behavior that may minimize the cost of bending energy and that may also be consistent with a tilt rather than ripple molecular ordering.
With ripple and tilt bilayers, seen for DPPC and characteristic of a broad class of PC lipids (31), the phase space in the tension dimension reported in Fig. 4 is potentially generalizable to other PC lipids. Indeed, because the ripple phase is generally denser than the tilt phase, with the fluid phase being the least dense of the three phases, three-phase coexistence should occur over a range of overall membrane compositions. Moreover, the phase diagram in Fig. 4 explains why, for systems like the DOPC/DPPC mixture, the impact of tension generally transcends the small shift in melting temperature anticipated by thermodynamic fundamentals. Still keeping with first principles, the presence of the triple-point-like termination of the ripple-solid phase region allows tension to select between the types of solid phases and the domain shapes. Cooling vesicles at elevated tensions directly produces striped domains that are consistent with tilt phase. At lower tension, patchy solid-like domains, likely containing a ripple structure, tend to form and may become kinetically trapped, depending on thermal history. The phase diagram further suggests that, at appropriate temperatures, small changes in tension shift the equilibrium from one type of solid phase to another. The observation of solid phases in bilayers containing as much as 30% cholesterol (2) suggests that this role for tension, shown in Fig. 4 , may be accessible to biological cells as a means to alter the structure of their bilayers and thereby regulate protein interactions and signaling.
Materials and Methods
Materials. DOPC and DPPC were purchased from Avanti Polar Lipids (catalog numbers 850375C and 850355C) and used as provided. Tracer lipids Rh-DOPE (catalog number 810150C) and Rh-DPPE (catalog number 810158C) were also purchased from Avanti.
Vesicles. Giant unilamellar vesicles were produced using established electroformation methods on platinum wires (40, 41) . Phospholipids in the desired molar proportions were dissolved in chloroform at a concentration near 1 mg/mL When fluorescent tracer was used, it was used at a concentration of 0.1 mol% relative to the total phospholipid. [No impact of the tracer concentration, in the range tested from 0.1 to 0.5 mol%, was found on the phase separation temperature, or the types of solid domains (stripes or patches) observed]. To produce vesicles, a 10-μL quantity of phospholipid solution was placed dropletwise on the platinum wire electrodes of the electroformation chamber. The chamber was dried under nitrogen, and then sealed between two glass coverslips and filled with DI water or sucrose solution that had been preheated to 52°C. (Maintaining the chamber within the one-phase region at elevated temperatures ensured uniform vesicle compositions.) An alternating current was applied to the electrodes at 3 V and10 Hz for 1 h, while the chamber was maintained at 52°C. After electroforming, vesicles were harvested in a syringe.
Micropipettes. Micropipettes were pulled on a Kopf Instruments Micropipette Puller, and their tips were shaped on a Technical Products International Microforge. Inner diameters were in the range of 3-6 μm, and the tip shape was chosen so that the inner diameter was nearly constant in the range where the vesicle projects into the pipette. Micropipettes were conditioned by adsorbing BSA (Sigma; catalog number A7511) to prevent vesicle adhesion. Vesicles were chosen in the 15-to 50-μm diameter range. For quantitative studies, the vesicle diameter was chosen to be at least three times the micropipette diameter to avoid computational error in calculating pressure and area.
Osmotic Pressure to Maintain Zero Tension in the Closed Chamber. To produce flaccid vesicles with near-zero tensions, vesicles electroformed in 200 mOsm sucrose solution were equilibrated in 250 mOsm sucrose solution. Vesicles become "floppy" only after they equilibrate by water diffusion out of the vesicles across the membrane, a process occurring on the order of several minutes (42) . The resulting excess area, A xs , is defined relative to a sphere of the same volume as follows:
Here, A is the measured vesicle area and V is the measured vesicle volume, both determined from videomicrographs of individual vesicles aspirated into micropipettes at low suction (corresponding to membrane tensions near 0.02 mN/m).
Elevated Membrane Tension in DI Water in the Closed Chamber. Vesicles formed and equilibrated in DI water at elevated temperatures did not exhibit excess area at the elevated temperature or upon cooling, for instance at 1°C/min. These vesicles instead sustained membrane tension that was sufficiently high to alter solid domain morphology in vesicles inside the closed temperaturecontrol chamber. High membrane tensions develop because of the thermal contraction of the membrane (an effect greater than the contraction of the internal water) on cooling. Opposing this effect and tending to relieve the stress, water diffuses out of the vesicle across the membrane. Fast thermal membrane contractions relative to water diffusion produced membrane stress, which relaxes on timescales of tens of minutes, making its measurement challenging. Detailed studies in SI Text demonstrate that elevated membrane tensions were achieved with sufficient reproducibility to use in-phase separation studies in the controlled chamber, relevant to the blue triangle point near 2 mN/m in Fig. 4 .
Phase Separation. Vesicle phase separation was studied in custom-built temperature-control chambers: Open sided chambers, accommodating micropipette insertion from the side, facilitated tight control and measurement of the membrane tensions of individual vesicles. These chambers were made from coverslips and supported in a gap configuration with a spacing of ∼1 mm. The uncertainty on the vesicle tension, near 0.02 mN/m, corresponded to an aspiration pressure on the micropipettes of less than 1 mm head of water and small errors (less than 10%) in measuring pipette and vesicle diameter. Temperature control was accomplished by thermally coupling the ends of the chamber to a heating block whose temperature was regulated by a heating bath.
Use of the open-sided chamber and the micropipettes themselves placed limits on experiments, ultimately necessitating additional studies with free vesicles in a closed chamber. First, micropipettes necessitate long working distance objectives with less light-gathering capacity than is usual for fluorescence work, compromising the image quality on the phase-separated vesicles. Additionally, evaporation from the open chamber sides limited the experimental duration to about 15 min, which subsequently limited the studies to relatively rapid cooling rates. The slowest cooling rates of interest, on the order of 0.1°C/min, could not be conducted in the open chamber. (Additionally, the convection generated by evaporation made imaging free vesicles in these chambers with high numerical apertures challenging. Although the morphology of the vesicles could be seen by eye, the vesicles were moving too quickly to be imaged clearly at the exposure times appropriate to our fluorescent tracer levels.)
A closed chamber design, which did not accommodate micropipettes, enabled better imaging via higher numerical objectives and precise temperature control including a broader range of cooling rates, and avoiding difficulties resulting from evaporation. Here, vesicles were placed in a ∼125-μm gap between two coverslips that was sealed and heated on all sides. Nominal cooling rates in the range of 0.1-5°C/min were possible in addition to rapid cooling and holding at a targeted temperature above room temperature. Additionally, the closed chamber made it consistently possible to observe multiple vesicles for several hours, or as long as they survived. The closed chamber design, although it prohibited use of micropipettes, was appropriate for study of vesicles having osmotically manipulated membrane tensions.
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In studies of phase separation and domain morphology, vesicles were transferred from the heated electroformer to one of the two test chambers where they were heated to one-phase region for at least 5 min before cooling was initiated. (The micropipette chamber was held at the elevated temperature for only 5 min because of evaporation-limited experimental times, whereas slightly longer times were achieved in the sealed chamber.) Phase separation and tension studies were then initiated, as needed for a particular test.
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